The association between tumor growth and angiogenesis was first observed over 100 years ago. Since then, research has shown the dependence of tumor growth on angiogenesis and the ability of cancer cells to alter the stromal microenvironment. Technological advancements have enabled researchers to identify cell types within a tumor, identify chemokines, cytokines, and growth factors secreted by tumor cells, show the interaction between tumor cells and stroma, and investigate the function of distinct genes using knockout and transgenic mouse technology. This review provides an overview of tumor growth, emphasizing research using in vivo mouse models on vascular endothelial growth factor (VEGF), fibrinogen, fibronectin, plasminogen, and MMPs in primary tumor growth and metastasis of lung cancer in particular.
Introduction
Many years ago it was observed that growing tumors formed new blood vessels, found mainly at the periphery of infiltrating tumors and that sarcoma and carcinoma cells were able to invade blood vessels [1, 2] . Work continued in this area and in 1971 Folkman proposed that blocking angiogenesis could inhibit tumor growth [3, 4] . Concurrently, research on the components within the tumor stroma revealed the presence of fibrinogen or fibrin implying that tumor cells were altering the surrounding stroma for growth and expansion [5] . Tissue architecture is normally maintained via cell-cell and cell-extracellular matrix cross-talk. Malignant cells do not abide by the signals that maintain normal tissue architecture. Molecular mechanisms observed in processes of physiological invasion, including neovascularization, wound healing, and neurite outgrowth, as well as embryogenesis, are also seen in malignant invasion. In 1986 Dvorak said that tumor cell growth and biology is "wound healing gone awry," where tumor stroma formation parallels host wound healing processes [2] . Tumor cells secrete Vascular Endothelial Growth Factor (VEGF), also called Vascular Permeability Factor (VPF), leading to increased vascular permeability and angiogenesis. VEGF causes endothelial cell proliferation, separation, migration, and survival. VEGF expression is stimulated by a variety of conditions common to many tumors, including hypoxia and low pH, and by various genetic mutations, such as K-ras, p53, and HER2/ErbB2 [6, 7] .
It was once thought that tumor cells could not synthesize fibrinogen or fibrin and that the presence of tumor fibrin was due to extravasation and extravascular clotting of plasma fibrinogen. However, recent data show that A549 lung cancer cells, as well as DU-145 and PC-3 prostate cancer cells, synthesize fibrinogen which enhances FGF-2 stimulated tumor growth of these cells [8] . Radioactive labeled fibrinogen has been shown to enter the tumor microenvironment five times faster than control tissue due to leakage of the vasculature. Fibrinogen influx into tumors happens continuously and at a consistent rate amongst many different tumor types. The difference in fibrin deposition within tumors is related to the amount of plasminogen activators secreted by the tumor cells and this affects fibrinolysis [2, 5, 9] .
The continuous VEGF secretion and fibrin deposition signals new blood vessel growth, the recruitment of fibroblasts and macrophages, as well as, collagen deposition leading to angiogenesis and continued tumor growth. Both type III collagen and type I collagen are found within the tumor stroma. Type III collagen is found in less mature tumor stroma and type I collagen is found in older sclerotic tumor tissue [2, 10, 11] .
In the past decade, Sivridis and colleagues have characterized the process of stromatogenesis, or formation of new stroma at sites of active tumor invasion, in many different tumor types isolated from patients. The antigenic phenotype of stromal cells within the newly formed stroma at the invading tumor front has increased expression of α-Smooth Muscle Actin (SMA), Thymidine Phosphorylase (TP), Secreted Protein Acidic and Rich in Cysteine (SPARC), and a higher MIB-1 proliferation index, while vimentin and intestinal-type alkaline phosphatase (IAP) expression is decreased. The extracellular matrix also displays a similar phenotype of stromatogenesis at the invading tumor front with increased expression of SPARC, CD31 as a marker of angiogenesis, and type III collagen, and decreased expression of type-I collagen and fibronectin. The stroma found in the center of a tumor mass is more dense to support tumor growth, in contrast to the loose network of stromal cells and extracellular matrix formed during stromatogenesis. Tumor cells can more easily penetrate this newly formed stroma, enhancing invasion [10] [11] [12] . Cekanova et al. showed that proliferation of two human pulmonary adenocarcinoma cell lines, NCI-H322 and A549, was increased when co-culture with fibroblasts isolated from a healthy patient, CCD-19Lu. Proliferation of both adenocarcinoma cell lines was even more pronounced when cocultured with HLF-A fibroblasts that were isolated from a patient with epidermoid carcinoma of the lung. The enhanced proliferation was attributed to amphiregulin and transforming growth factor-α released by the fibroblasts [13] . cells leads to life-threatening metastases. During tumor cell invasion, four distinct processes occur in concert; expression of cell surface molecules, including integrins and cadherins, are altered to reduce cell adhesion; tumor cell motility; as well as ECM remodeling, is increased; and angiogenesis all occur [10] . Matrix metalloproteinases (MMPs) are upregulated in many types of tumors. High expression of MMPs in serum or tumor samples correlates with poor prognosis [14] . MMPs are zinc-dependent endopeptidases classified by molecular structure as secreted or membrane-bound and are initially synthesized as inactive proenzymes and later activated via the "cysteine switch" mechanism where the pro-peptide domain is cleaved. MMPs are secreted by many cell types, including fibroblasts, macrophages, neutrophils, and tumor cells. MMP activity is regulated by a family of proteins called the Tissue Inhibitors of Metalloproteinases (TIMPS) of which there are four members; TIMP-1, TIMP-2, TIMP-3, and TIMP-4. The TIMP proteins function to block MMP-mediated proteolysis by noncovalently binding to the MMP active site in a 1:1 stoichiometric ratio [14] [15] [16] [17] .
Technological advancements have enabled sequencing of tumor DNA samples to identify novel genes for prognosis or therapeutics. In addition, the ability to generate murine knockout and transgenic models allows identification of gene function in tumor growth. This review will focus on various in vivo mouse models that have been established to examine distinct roles for VEGF, fibrinogen, fibronectin, plasminogen, and MMPs in primary tumor growth and metastasis of lung cancer.
VEGF in Lung Cancer
Mammalian cells are located within 100-200μm of blood vessels due to the need for oxygen and nutrients for survival [18] . For this reason tumor cells require blood vessels in order to grow beyond a few millimeters in size and disseminate to secondary sites. This happens when the balance between pro-and anti-angiogenic factors no longer exists due to increased pro-angiogenic mechanisms, thus flipping the "angiogenic switch" on [19, 20] . VEGF is a potent angiogenic factor found overexpressed in many solid tumors and high serum levels of VEGF have been shown to correlate with poor prognosis in a variety of cancers. VEGF expression is stimulated in hypoxic conditions and has been shown to induce proliferation, sprouting, migration, and enhance survival of endothelial cells. In addition, increased VEGF production recruits inflammatory cells to the area and aids in increased expression of proteases from endothelial cells resulting in pericellular matrix degradation necessary for angiogenesis [19] [20] [21] .
Homo-and heterozygous VEGF knockout mice are embryonic lethal due to defects in vascular development [22] . Therefore, studies using conditional knockdown of VEGF expression in tissues or tumor cells or blocking VEGF receptors have shown the role VEGF plays in primary tumor growth and metastasis. Ma and colleagues used shRNA targeting VEGF in A549 lung adenocarcinoma cells to show that decreased VEGF expression in tumor cells resulted in decreased tumor growth and results were more profound when the chemotherapy agent, cis-Diclorodiamminoplatino (DDP), was administered concomitantly [23] . The VEGF pathway is the focus of many treatment strategies currently in preclinical and clinical development. Bevacizumab is an anti-VEGF antibody approved by the US Food and Drug Administration for cancer treatment. Bevacizumab can be used alone or in combination to treat glioblastoma, colorectal, non-small cell lung, and renal cell cancers. In addition to targeting VEGF directly, other therapeutic targets include EGFR, HER-2, COX-2, and HIF-1α, which can indirectly regulate the VEGF pathway decreasing angiogenesis [21, 24, 25] .
Alternative splicing of the VEGF gene gives rise to different isoforms, including VEGF-121, 165, 189, and 206. These isoforms differ in their biochemical and biological functions in angiogenesis and their role in tumor progression is being elucidated. VEFG 121 has the highest bioavailability of the VEGF isoforms because it is freely released from the cell and does not bind heparin. The expression level of VEGF 121 mRNA has been implicated as a prognostic indicator of early stage lung cancer. High levels of VEGF 121 mRNA were found to be associated with metastasis to the lymph nodes and shorter patient survival of Non-Small Cell Lung Cancer (NSCLC) [21, 26] . Additionally, Guo and colleagues reported that VEGF 121 mRNA levels correlate with the aggressiveness and F-18 fluorodeoxyglucose (FDG) uptake, a glucose analogue used to measure tumor metabolism by positron emission tomography (PET), in patients with lung adenocarcinoma [26] . Yuan et al. overexpressed VEGF-121, 165, and 189 isoforms in the human lung adenocarcinoma cell line, CL1-0, which has low tumorigenic and metastatic potential and low levels of endogenous VEGF. The number, size, and location of blood vessels differed in the tumors generated from the three VEGF isoforms. The VEGF 121 -overexpressing tumors had the lowest-density microvessels located mainly at the tumor rim, while the VEGF 189 overexpressing tumors had the smallest, most-dense microvessels that penetrated into the center of the tumor [27] . These studies reiterate both the complexity of and expanding research in the role VEGF plays in lung cancer progression.
Fibrinogen in Lung Cancer
Fibrin(ogen) preserves vascular integrity and homeostasis via coagulant and fibrinolysis cascades. Fibrinogen helps form fibrin clots and a fibrin matrix of crosslinked fibrin monomers that acts as a scaffold for inflammatory cells and platelets. Malignant human and animal tumor cells overexpress procoagulant and fibrinolytic factors, including tissue factor, plasminogen activator, plasminogen receptor, plasminogen inhibitor, and fibrinogen receptors and binding proteins. Disruption of the fibrinogen Aα chain gene ablates all fibrinogen polypeptides from circulation and mice lacking the fibrinogen Aα chain gene show a decrease in both experimental (i.v. injection) and spontaneous (s.c. injection) metastasis of Lewis lung carcinoma cells [28, 29] . Fibrinogen deficiency is particularly important to circulating tumor cells, as fibrinogen deficiency did not affect tumor stroma formation or primary tumor growth. Mice lacking natural killer cells (NK) were crossed with fibrinogen deficient mice to generate mice lacking both NK and fibrinogen function. In the absence of NK cell function, formation of metastatic foci after i.v. injection of Lewis lung carcinoma cells remained the same independent of fibrinogen expression suggesting that the decrease in metastatic foci in fibrinogen deficient mice is related to natural killer cell elimination of tumor cells [30] . These studies emphasize the role of host generated versus tumor cell generated fibronectin in stages of tumor progression and potential mechanism(s) for lung colonization.
Fibronectin in Lung Cancer
Plasma fibronectin is an abundant adhesion protein found in blood and clotted plasma. Plasma fibronectin is incorporated into fibrin clots and becomes covalently linked to fibrin and can bind members of the integrin family of receptors, including integrin α v β 3 . Tumors express a variety of integrin receptors, however, tumors expressing activated α v β 3 metastasize aggressively and metastasis can be inhibited with α v β 3 antibodies, RGD-containing peptides, or reducing expression via shRNA targeting α v β 3 [31] . In addition, expression of fibronectin in malignant tumors correlates with an invasive and metastatic phenotype.
Fibronectin knockout mice are embryonic lethal, therefore, fibronectin deficient mice generated using the CRE-lox system to postnatally delete the hepatic fibronectin expression have been useful to study the role of plasma fibronectin in tumor growth and metastasis. Plasma fibronectin deficient mice show decreased lung metastasis of Lewis lung carcinoma and B16F1 melanoma cells [31, 32] . Jia et al., generated a spontaneous metastatic model of human lung cancer, SPC-A-1sci. These cells have increased expression of fibronectin and vimentin and low expression of ZO-1 and E-cadherin indicative of cells that have gone through an epithelial to mesenchymal transition (EMT). Inhibiting fibronectin expression via shRNA in SPC-A-1sci cells reduced metastasis to the lung [33] .
Plasminogen in Lung Cancer
Plasmin is a serine protease formed from the cleavage of plasminogen by urokinase-type (uPA) or tissue-type (tPA) plasminogen activators. Plasmin has 10 4 -10 6 fold higher activity than plasminogen and tumor cells show increased expression of components of the uPA system. Plasminogen activators released from tumor cells enhance the conversion of plasminogen to plasmin thus catalyzing extracellular matrix and basement membrane degradation facilitating cancer cell invasion and cancer-cell directed tissue remodeling. Plasminogen is not essential in development since plasminogen knockout mice develop to term, grow to adulthood, and are fertile [34] . Plasminogen knockout mice, along with uPA and tPA knockout mice develop intra-and extra-vascular fibrin deposits leading to widespread organ damage, low body weight, and a short life span. This affect was more pronounced in plasminogen knockout mice implying that uPA can substitute for tPA in fibrinolysis [35, 36] . In addition, plasminogen knockout mice showed decreased recruitment of leukocytes to inflammatory sites. Transplanted Lewis lung carcinoma exhibited delayed growth and fewer regional lymph node metastases in plasminogen knockout mice, but the number of metastatic foci in the lungs remained the same [37] . Recently, Casar and colleagues reported that plasmin is necessary for the cleavage of the cell surface CUB domain-containing protein-1 (CDCP1) during early stages of lung colonization. High expression of CDCP1 has been found in a variety of cancers, including colon, breast, stomach, prostate, kidney, lung, and pancreas. Casar et al. overexpressed CDCP1 in human embryonic kidney cells, HEK293, that have no detectable levels of CDCP1 expression. CDCP1 expression increased lung colonization of these cells. Lung retention of HEK293 overexpressing CDCP1 was significantly reduced in plasminogen knockout mice, along with Akt activation, while PARP1 cleavage was increased supporting the idea that cleavage of CDCP1 by plasmin promotes cancer cell survival by activating the Akt pathway to suppress PARP1-induced apoptosis of cancer cells [38] .
Matrix Metalloproteinase (MMP) Activity in Lung Cancer
MMPs have been shown to be upregulated in almost all human and animal tumors and cell lines [39] . The stage of tumor progression is positively correlated with the expression of MMP-1, 2,3,7,9,11, and 14 [40] . Increased MMP expression in tumor cells may disrupt tissue homeostasis and facilitate invasion of surrounding tissue and metastasis. Expression of distinct MMP family members has been associated with particular tumors and metastatic sites. For example, MMP-14, also referred to as membrane-type-MMP (MT1-MMP), has been detected in 80% of brain metastases arising from lung adenocarcinoma, while increased MMP-9 expression is frequently found in liver metastases from colorectal cancer [41, 42] . The use of MMP-2, or gelatinase A, deficient mice show decreased primary tumor growth, angiogenesis, and metastasis of B16-BL6 melanoma cells and Lewis lung carcinoma [43] . In addition, MMP-9, or gelatinase B, deficient mice also showed decreased metastasis of B16-BL6 and Lewis lung carcinoma in an experimental metastasis model [44] . Rather than blocking expression of MMPs in the host, much research focuses on overexpressing or reducing expression of MMPs in tumor cells. Adenovirus-mediated inhibition of uPAR and MMP-9 decreased primary tumor growth and metastasis of A549 lung cancer cells, whereas overexpression of MMP-14 in prostate cancer cells enhanced metastasis to the lung [45, 46] . Some challenges exist in determining the exact role each MMP has in tumor progression. MMPs share substrate specificity and other MMP family members can be upregulated to compensate for reduced expression of another family member. In addition, the expression of MMPs at metastatic sites could be attributed to the dissemination of the more invasive tumor cells in the primary tumor population or the establishment of a pre-metastatic niche. Hiratsuka and colleagues designed a mouse model system that consisted of tail vein injection of B16 melanoma or Lewis lung carcinoma in mice with and without established subcutaneous primary tumors. They reported that MMP-9 expression in pre-metastatic lung endothelial cells and macrophages increased melanoma and lung cancer cell metastasis to the lung [47] . Taken together with reported data that show bone marrow transplant of MMP-9 competent cells into MMP-9 deficient mice enhanced A549 lung cancer cell survival and establishment in the lung emphasize the influence of niches in tumor growth [48] . MMP activity is balanced by TIMP activity. TIMP-2 has been shown to inhibit many MMPs, including MMP-2 (gelatinase A), MMP-9 (gelatinase B), and MT1-MMP (MMP-14) and expression of TIMP-2 is decreased in invasive and metastatic tumors including prostate, head and neck, lymphoid, and cervical cancers. Overexpressing TIMP-2 into murine Lewis lung carcinoma, murine colon carcinoma, and human breast, ovarian, and gastric cancer cells resulted in reduced tumor growth, angiogenesis and metastasis [49, 50] . In addition to inhibiting MMPs, TIMP-2 functions to inhibit angiogenesis through an MMP-independent mechanism(s). TIMP-2 can bind α 3 β 1 integrins on endothelial cells to activate SH2-containing protein tyrosine phosphatase-1 (SHP-1) that suppresses the activation of Receptor Tyrosine Kinase (RTK) [15] . Additionally, TIMP-2 Loop 6 can bind to the insulin growth factor receptor I (IGF-IR) on endothelial cells thus inhibiting angiogenesis [51] . Overexpression of TIMP-2 or Ala+TIMP-2, a mutant form of TIMP-2 that lacks the ability to inhibit MMPs, reduced A549 lung cancer growth and angiogenesis and increase tumor cell apoptosis [50] .
Concluding Remarks
Advancements in knockout and transgenic mouse technology have generated a wealth of information regarding tumor cell growth, invasion, and dissemination. This has helped to generate many new therapeutic targets for cancer treatment. The interaction of tumor cells with the microenvironment at primary and distant sites is complicated and evolving. As more mechanistic details emerge on the complicated processes of tumor invasion, progression, angiogenesis, and metastasis that involve both tumor and host cell responses a greater the number of potential therapeutic targets will be identified. These new discoveries will result in more specific and personalized therapeutic treatments that can be designed for the individual cancer patient.
